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Two  new  functionalized  ionic  liquids  (ILs)  based  on  guanidinium  cation  with  two  ether  groups  and  TFSA- 
anion  are  synthesized  and  characterized.  Their  physicochemical  and  electrochemical  properties,  includ¬ 
ing  melting  point,  thermal  stability,  density,  viscosity,  conductivity,  and  electrochemical  window  are 
determined.  Both  the  ILs  are  liquids  at  room  temperature,  and  the  viscosities  are  about  60  mPa  s  at  25  °C. 
Behavior  of  lithium  redox,  chemical  stability  against  lithium  metal  and  charge-discharge  characteristics 
of  lithium  battery,  are  also  examined  for  the  two  ILs  as  electrolyte  with  0.6  mol  kg-1  LiTFSA.  Though  the 
cathodic  limiting  potentials  of  the  two  ILs  are  higher  than  0  V  versus  Li/Li+,  the  lithium  plating  and  strip¬ 
ping  on  Ni  electrode  can  be  observed  in  the  two  IL  electrolytes,  indicating  their  good  chemical  stability 
against  lithium  metal.  Li/LiFeP04  cells  using  the  two  IL  electrolytes  without  any  additive  showed  good 
cycle  property  at  the  current  rate  of  0.2  C  at  25  °C  and  55  °C. 
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1.  Introduction 

Ionic  liquids  (ILs)  are  molten  salts  with  melting  points  at  or 
below  ambient  temperature,  which  are  consisted  of  various  cations 
and  anions.  ILs  have  been  attracted  great  interests  because  of  their 
superior  properties,  such  as  non-volatility,  non-flammability,  good 
thermal  stability,  excellent  electrochemical  stability  and  high  ionic 
conductivity  [1-3].  ILs  have  showed  potential  as  safe  electrolytes 
for  high  energy  density  lithium  metal  battery,  which  with  high  the¬ 
oretical  capacity  of 3860  mAhg-1  [4-7].  So  far,  imidazolium  [8-13], 
quaternary  ammonium  [14-17],  piperidinium  [4,18-20],  pyrroli- 
dinium  [6,21-23]  and  guanidinium  [24,25]  based  ILs  have  been 
studied  as  new  electrolytes  for  lithium  battery. 

To  date,  functionalized  IL  is  a  very  noticeable  topic  in  the  field 
of  IL  research.  By  introducing  different  functional  groups  into 
IL  cations,  the  physicochemical  and  electrochemical  properties 
of  ILs  are  observably  changed,  and  providing  more  choices  for 
applications  as  electrolytes  for  electrochemical  devices  [26,27]. 
Nitrile-functionalized  ILs  are  important  series  of  functionalized 
ILs,  and  nitrile-functionlized  imidazolium,  pyridinium,  and  qua¬ 
ternary  ammonium  ILs  have  been  synthesized,  and  these  ILs  own 
good  electrochemical  stability  [28-30].  The  nitrile-functionalized 
imidazolium  and  quaternary  ammonium  ILs  have  been  applied  as 
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electrolytes  in  lithium  battery,  but  the  battery  performances  are 
not  so  good  due  to  the  high  viscosity  [14,31].  The  imidazolium, 
pyrrolidinium,  piperidinium  and  morpholinium  ILs  with  ester 
group  also  show  wide  electrochemical  window,  and  have  been 
used  as  additives  of  organic  electrolyte  for  lithium  battery  [32]. 
Besides  nitrile-  and  ester-functionalized  ILs,  ether-functionalized 
ILs  have  been  investigated  intensively.  Compared  with  other 
functional  groups,  incorporating  one  short  ether  group  into 
cations  can  help  to  reduce  the  viscosities  and  melting  points, 
and  not  cause  the  degradation  of  electrochemical  stability  of  the 
ILs  [33-36].  One  ether  group  has  already  been  introduced  into 
cations,  such  as  imidazolium  [34,37,38],  quaternary  ammonium 
[35,39-41],  pyrrolidinium  [36],  piperidinium  [36,40],  morpholin¬ 
ium  [36],  oxazolidinium  [36],  guanidinium  [25,42],  sulfonium 
[43]  and  quaternary  phosphonium  [41].  And  some  of  them  have 
been  researched  as  new  electrolytes  for  electrochemical  devices. 
The  N,N-diethyl-N-methyl-N-(2-methoxyethyl)  ammonium 
bis(trifluoromethanesulfonyl)  imide  (DEME-TFSA)  and  triethyl(2- 
methoxyethyl)  phosphonium  bis(trifluoromethanesulfonyl)  imide 
(P222(2ol)-TFSA)  IL  electrolytes  lithium  battery  with  good  cycle 
performances  at  low  current  rate  have  been  reported  [44-48],  and 
polymer  (PVDF-HFP)  gel  electrolytes  containing  N-methoxyethyl- 
N-methylpyrrolidinium  bis(trifluoromethanesulfonyl)imide 
(PYl(2ol)-TFSA)  have  been  described  to  possess  good  capacity 
and  cycle  property  at  medium  C-rates  [49].  The  DEME-BF4  elec¬ 
trolyte  used  for  Electric  double  layer  capacitor  exhibits  remarkable 
cycle  performance  even  at  temperature  over  100°C  [50,51]. 
And  3-[2-(2-methoxyethoxy)ethyl]-l -methyl  imidazolium 
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Fig.  1.  Structures  of  cation  and  anion  of  functionalized  guanidinium  ILs  with  two 
ether  groups  used  in  this  study. 

iodide  (MEOII)  have  been  applied  in  dye-sensitized  solar  cells 
[52]. 

In  contrast  to  the  ILs  with  one  ether  group,  researches  involving 
the  ILs  with  two  or  more  ether  groups  are  quite  rare.  A  series  of  sym¬ 
metrical  dialkoxymethyl-substituted  imidazolium  ILs  have  been 
reported,  but  the  viscosities  of  these  ILs  are  higher  than  80  mPa  s 
at  25  °C  due  to  long  chains  of  ether  groups  [53].  Several  quaternary 
ammonium  ILs  based  on  cations  with  two  identical  ether  groups 
(2-ethoxyethyl  or  4-methoxybenzyl  group)  are  synthesized,  and 
the  thermal  properties  of  these  ILs  have  been  investigated  [54]. 
Recently,  some  quaternary  ammonium  ILs  comprised  of  multi  iden¬ 
tical  ether  groups  (2-methoxyethyl  group)  in  cation  are  prepared, 
and  their  properties  have  been  studied  [55].  And  our  group  also 
has  prepared  pyrrolidinium  and  piperidinium  ILs  with  two  ether 
groups  and  quaternary  ammonium  ILs  with  three  or  four  different 
ether  groups,  and  their  possibility  as  electrolytes  for  lithium  battery 
at  low  rate  are  also  explored  [56,57]. 

During  the  past  two  years,  sixteen  ILs  based  on  small  guani¬ 
dinium  cations  without  functional  groups  and  TFSA-  anion,  and 
eight  functionalized  ILs  based  on  the  guanidinium  cations  with  one 
ether  group  (2-methoxyethyl  group)  or  ester  group  (methyl  acetate 
group)  and  TFSA-  anion  have  been  synthesized  by  our  group,  and 
some  of  them  show  low  viscosity  and  good  electrochemical  sta¬ 
bility  [42,58].  It  has  been  found  that  two  guanidinium  ILs  without 
functional  groups  (Igl3-TFSA  and  Ig22-TFSA)  and  the  gunidinium 
IL  with  one  ether  group  (lgl(2ol)-TFSA)  are  able  to  use  as  elec¬ 
trolytes  for  Li/LiCo02  cells  without  additive  [24,25].  In  the  present 
study,  two  new  ILs  based  on  guanidinium  cations  with  two  ether 
groups  (2-methoxyethyl  group  or  2-ethoxyethyl  group)  and  TFSA- 
anion  had  been  synthesized.  The  structures  of  the  ILs  are  shown 
in  Fig.  1.  The  melting  point,  thermal  stability,  viscosity,  conduc¬ 
tivity  and  electrochemical  properties  of  the  ILs  and  IL  electrolytes 
containing  0.6  mol  kg-1  LiTFSA  had  been  determined.  Behavior  of 
lithium  redox  on  Ni  electrode  and  chemical  stability  against  lithium 
metal  were  also  investigated  for  the  IL  electrolytes.  We  also  exam¬ 
ined  the  charge-discharge  characteristics  of  the  Li/LiFeP04  cells 
using  these  IL  electrolytes,  and  found  that  the  cells  had  good  cycle 
property  at  the  current  rate  of  0.2  C  at  25  °C  and  55  °C. 

2.  Experimental 

2.1.  Synthesis  and  characterization  of  the  ILs 

Guanidines  with  one  ether  group  were  prepared  according 
to  the  reference  methods  [59-62],  and  then  the  guanidines 


were  respectively  reacted  with  2-methoxyethyl  bromide  or  2- 
ethoxyethyl  bromide  in  anhydrous  acetonitrile  for  more  than  48  h 
at  60  °C.  Functionalized  guanidinium  bromides  with  two  ether 
groups  were  obtained  after  washing  with  ether.  They  were  dis¬ 
solved  in  ethanol,  and  then  purified  with  the  activated  carbon.  After 
filtration,  the  collected  solution  was  evaporated  under  reduced 
pressure  to  remove  the  solvent.  After  drying  in  vacuum  at  50  °C 
for  24  h,  the  produced  bromides  and  LiTFSA  (kindly  provided  by 
Mortia  Chemical  Industries  Co.,  Ltd.)  were  dissolved  in  deionized 
water  and  mixed  for  12  h  at  ambient  temperature.  The  crude  ILs 
were  dissolved  with  dichloromethane,  and  washed  with  deionized 
water  until  no  residual  halide  anions  in  the  water  used  to  rinse  the 
ILs  were  detected  with  AgN03.  The  dichloromethane  was  removed 
by  rotating  evaporation.  The  two  produced  ILs  were  dried  under 
high  vacuum  for  more  than  48  h  at  110°C.  The  water  content  of 
the  dried  ILs  was  detected  by  a  moisture  titrator  (Metrohm  73KF 
coulometer)  basing  on  Karl-Fischer  method,  and  the  value  was  bel¬ 
low  50  ppm.  The  structures  of  synthesized  ILs  were  confirmed  by 
1 H  NMR  and  13CNMR  (Avance  III  400),  and  chloroform-d  for  all  ILs. 
The  characterization  data  are  as  follows: 

lg{2o  1  ){2ol)-TFSA:  NMR:  8  (ppm)  3.61-3.30  (m,14H),  2.98- 

2.93  (d,12H);  13C  NMR:  8  (ppm)  164.51,  124.88-115.21,  68.68, 
58.82,  49.35,  40.28,  39.88;  lg(2ol)(2o2)-TFSA:  NMR:  8  (ppm) 

3.66-3.31  (m,13H),  3.01-2.94  (d,12H),  1.15-1.11  (t,3H);  13C  NMR: 
8  (ppm)  164.62,  124.94-115.34,  68.74,  66.70,  58.82,  49.54,  40.11, 
15.06. 

2.2.  Measurements 

The  density  was  affirmed  by  measuring  the  weight  of  prepared  IL 
(1.0  ml)  at  25  °C.  The  melting  point  of  each  IL  was  analyzed  by  using 
a  differential  scanning  calorimeter  (DSC,  Perkin  Elmer  Pyris  1 )  in  the 
temperature  range  of  -60  °C  to  a  predetermined  temperature.  The 
sample  was  sealed  in  aluminum  pan,  after  that  then  heated  and 
cooled  at  a  scan  fate  of  10°Cmin-1  under  a  flow  of  nitrogen.  The 
thermal  stabilities  were  measured  with  thermal  gravimetric  analy¬ 
sis  (Perkin  Elmer,  7  series  thermal  analysis  system).  The  sample  was 
placed  in  the  aluminum  pan  and  heated  at  1 0  °C  min-1  from  ambi¬ 
ent  temperature  to  600  °C  under  nitrogen.  The  viscosities  of  the 
ILs  and  IL  electrolytes  were  tested  with  viscometer  (DV-III  ULTRA, 
Brookfield  Engineering  Laboratories,  Inc.),  and  the  conductivities 
were  got  from  DDS-1 1 A  conductivity  meter. 

Electrochemical  windows  of  the  ILs  were  tested  by  linear  sweep 
voltammogramms  (LSV,  scan  rate  10mVs-1)  in  an  argon-filled 
UNILAB  glove  box  ([02]  <  1  ppm,  [H20]  <  1  ppm).  The  working  elec¬ 
trode  was  glassy  carbon  disk  (3  mm  diameter),  and  lithium  metal 
was  used  as  both  counter  and  reference  electrodes.  The  plating  and 
stripping  behaviors  of  lithium  in  the  IL  electrolytes  was  determined 
by  using  cyclic  voltammogramms  (CV,  scan  rate  1 0  mV  s-1 )  method 
in  the  glove  box.  The  nickel  disk  (2  mm  diameter)  was  used  as  the 
working  electrode  and  lithium  metal  was  used  as  both  counter  and 
reference  electrodes.  The  nickel  electrode  was  polished  in  the  usage 
of  alumina  paste  (d  =  0.1  |xm).  And  the  Ni  electrode  was  washed  by 
deionized  water  then  dried  under  vacuum.  The  LSV  and  CV  tests 
were  performed  by  CHI660D  electrochemistry  workstation  at  room 
temperature  (25  °C). 

The  stability  of  the  IL  electrolytes  against  lithium  metal  at  room 
temperature  was  investigated  by  monitoring  the  time  evolution  of 
the  impedance  response  for  a  symmetric  Li/IL  electrolyte/Li  coin 
cell  with  the  borosilicate  glass  separator  (GF/A,  Whatman),  and  the 
impedance  responses  were  measured  by  using  CHI660D  electro¬ 
chemistry  workstation  (100  KHz- 100  mHz;  applied  voltage  5  mV). 

Li/LiFeP04  coin  cell  was  used  to  evaluate  the  performances  of  the 
IL  electrolytes  in  lithium  battery  applications.  Lithium  foil  (battery 
grade)  was  used  as  a  negative  electrode  and  the  positive  electrode 
was  fabricated  by  spreading  the  mixture  of  LiFeP04,  acetylene  black 
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Fig.  2.  DSC  curves  of  (a)  lg(2ol)(2ol)-TFSA  and  (b)  lg(2ol)(2o2)-TFSA. 

and  PVDF  (firstly  dissolved  in  N-methyl-N-2-pyrrolidone)  with  a 
weight  ratio  of  8:1 :1  on  aluminum  current  collector  (battery  use). 
Loading  of  active  materials  was  about  ca.  1 .5-2.0  mg  cm-2  and  this 
thinnish  electrode  was  used  without  pressing.  The  separator  was 
glass  filter  made  of  borosilicate  glass  (GF/A,  Whatman).  Cell  was 
assembled  in  the  glove  box,  and  all  the  components  of  cell  were 
dried  under  vacuum  before  using.  Cell  performances  were  exam¬ 
ined  by  the  charge-discharge  (C-D)  cycling  tests  using  a  CT2001 A 
cell  test  instrument  (LAND  Electronic  Co.,  Ltd.)  at  25  °C  or  55  °C  and 
at  different  current  rates  (0.2  C-2.0  C),  current  rate  was  determined 
by  using  the  nominal  capacity  of  150mAhg-1  for  Li/LiFeP04  cell. 
The  cells  were  sealed  and  then  stayed  at  room  temperature  for  4  h 
before  the  performance  tests.  Constant  current  charge-discharge 
cycles  were  conducted  between  2.5  and  4.0  V  (versus  Li/Li+).  Charg¬ 
ing  included  two  processes:  (1)  constant  current  at  a  rate,  cut-off 
voltage  of  4.0  V;  (2)  constant  voltage  at  4.0  V,  held  for  0.5  h.  And  dis¬ 
charging  had  one  process:  constant  current  at  the  same  rate,  cut-off 
voltage  of  2.5  V. 

3.  Results  and  discussion 

3.1.  Physicochemical  and  electrochemical  properties  of  the  ILs 
and  IL  electrolytes 

3.1.1.  Thermal  properties 

The  physical  and  thermal  properties  of  the  functionalized  guani- 
dinium  ILs  with  two  ether  groups,  including  melting  point  (Tm), 
thermal  decomposition  temperature  (Td),  density,  viscosity  and 
conductivity  are  listed  in  Table  1. 

The  phase  transitions  of  the  two  ILs  and  their  IL  electrolytes 
with  0.6  mol  kg-1  LiTFSA  were  measured  by  differential  scanning 
calorimetry  (DSC),  and  the  DSC  curves  of  them  are  illustrated  in 
Fig.  2  as  examples.  The  1  g(2ol  )(2o2)-TFSA  owned  the  melting  point 
of  8.4  °C,  lg(2ol  )(2ol  )-TFSA  and  the  two  IL  electrolytes  did  not 
show  any  phase  transition  behaviors  until  -60  °C,  which  was  the 
interior  temperature  limit  of  our  DSC  measurement. 

Incorporating  one  short  ether  group,  such  as  methoxymethyl 
(-CFI2OCH3)  or  2-methoxyethyl  (-CH2CFI2OCH3)  into  imidazolium 
[34,37,38],  quaternary  ammonium  and  phosphonium  [35,40,41], 
pyrrolidinium  [36],  piperidinium  [35,36],  and  guanidinium  [25,42] 
cations,  has  been  proved  to  be  beneficial  for  lowing  the  melting 
points  of  these  ILs.  When  two  or  more  ether  groups  were  introduced 
to  imidazolium  [53],  quaternary  ammonium  [55,56],  pyrrolidinium 
and  piperidinium  [57],  these  ILs  also  owned  low  melting  points. 
The  utilization  of  flexible  ether  groups  could  reduce  ion  sym¬ 
metry,  increase  the  ions  conformational  degrees  of  freedom,  and 
weaken  electrostatic  interaction  between  the  cation  and  anion, 
which  resulted  from  the  electron-donating  action  of  ether  group. 
So  it  was  effective  approach  to  reduce  the  lattice  energy  of  the  ILs, 
and  led  to  low  melting  point  ILs  [63-65].  The  two  guanidinium 


Fig.  3.  TGA  traces  of  (a)  lg(2ol)(2ol)-TFSA,  lg(2ol)(2ol)-TFSA  electrolyte  with 
0.6  mol  kg-1  LiTFSA,  (b)lg(2ol)(2o2)-TFSA,  lg(2ol)(2o2)-TFSA  electrolyte  with 
0.6  mol  kg-1  LiTFSA. 


ILs  with  two  ether  groups  also  had  low  melting  points.  Though 
the  lg(2ol)(2o2)-TFSA  IL  had  lower  molecular  symmetry  than 
lg(2ol)(2ol)-TFSA,  the  former  had  higher  melting  point  because 
of  it  had  the  larger  molecular  size,  which  resulted  in  stronger  Van 
der  Waals  interaction  forces  that  could  induce  the  higher  melting 
point. 

Usually  when  the  lithium  salt  added  into  the  ILs  to  form  IL 
electrolytes,  the  melting  points  of  the  IL  electrolytes  were  lower 
than  the  ILs,  such  as  P13-TFSA  (N-propyl-N-methylpyrrolidinium 
TFSA)  electrolyte  and  P14-FSA  (N-butyl-N-methylpyrrolidinium 
FSA)  electrolyte  [66,67].  Likewise,  the  lg(2ol)(2o2)-TFSA  elec¬ 
trolyte  showed  the  melting  point  less  than  -60  °C,  while  the  Tm 
of  lg(2ol  )(2o2)-TFSA  was  8.4  °C. 

The  thermal  stability  of  the  ILs  and  IL  electrolytes  was  mea¬ 
sured  by  thermogravimetry  (TG).  As  shown  in  Fig.  3,  all  of  them  had 
one-stage  decomposition  behavior.  Generally  the  thermal  decom¬ 
position  temperature  (Td)  of  ILs  with  TFSA-  anion  decreased  after 
introducing  ether  groups  into  IL  cations  [42,55-57].  When  two 
ether  groups  were  introduced  into  guanidinium  cations,  the  Td  of 
ILs  decreased  with  the  increasing  number  of  ether  groups  com¬ 
pared  to  the  guanidinium  ILs  with  or  without  one  ether  group. 
And  the  thermal  stability  of  the  IL  with  one  2-methoxyethyl 
and  one  2-ethoxyethyl  group  was  better  than  the  IL  with  two 
2-methoxyethyl  groups.  For  example,  the  thermal  decomposi¬ 
tion  temperature  decreased  in  the  following  order:  lgl(2ol)-TFSA 


Table  1 

Physical  and  thermal  properties  of  the  ILs. 
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ILs  Mwa(gmol_1)  Tmb  (°C)  dc(gcm-3)  C*1  (mol dm-3)  ^e(mPas)  orf(mScm_1)  A8  (Scm2  mol-1)  Tdh  (°C) 

lg2ol-2olTFSA  512.49  <-60  1.22  2.38  60.2  1.66  0.70  340.1 

lg2ol-2o2TFSA  526.52  8.4  1.28  2.43  58.8  1.64  0.67  380.0 

a  Molecular  weight. 
b  Melting  point. 
c  Density  at  25  °C. 
d  Concentration  at  25  °C. 
e  Viscosity  at  25  °C. 
f  Conductivity  at  25  °C. 

8  Molar  conductivity  at  25  °C. 
h  Decomposition  temperature  of  10%  weight  loss. 


(425.4 °C  [42]  >  lg(2ol )(2o2)-TFSA  (380.1  °C)  >  lg(2ol  )(2ol  )-TFSA 
(340.0  °C).  And  the  thermal  decomposition  temperatures  of  the 
guanidinium  ILs  with  two  ether  groups  was  close  to  the  quaternary 
ammonium  [55],  pyrrolidinium  and  piperidinium  [57]  ILs  with  two 
ether  groups.  Although  the  introduction  of  ether  groups  into  cation 
structure  caused  adverse  effect  to  the  thermal  stability  of  ILs,  the 
Td  of  these  two  guanidinium  ILs  with  two  ether  groups  were  still 
higher  than  300  °C. 

The  thermal  decomposition  temperatures  of  the  two  IL  elec¬ 
trolytes  also  changed  with  the  addition  of  lithium  salt.  The 
lg(2ol)(2ol)-TFSA  electrolyte  showed  a  higher  thermal  decom¬ 
position  temperature  (374.2  °C)  than  lg(2ol)(2ol)-TFSA,  and  the 
lg(2ol)(2o2)-TFSA  electrolyte  showed  a  lower  thermal  decompo¬ 
sition  temperature  (361.2  °C)  than  lg(2ol)(2o2)-TFSA. 

3.1.2.  Viscosity 

The  viscosity  of  IL  is  an  important  feature  in  the  application 
of  IL  electrolyte  for  lithium  battery.  Replacing  one  alkyl  group 
in  the  IL  cations  by  one  flexible  ether  group  with  the  similar 
size  and  formula  weight,  could  reduce  the  viscosity  of  ILs,  owing 
to  weakening  the  electrostatic  interaction  between  cation  and 
anion  which  resulted  from  the  electron  donation  action  of  ether 
group  [35,36,40-42].  And  when  two  ether  groups  were  introduced 
into  guanidinium  cations,  the  viscosities  of  lg(2ol)(2ol)-TFSA 
and  lg(2ol)(2o2)-TFSA  (60.2  mPas  and  58.8  mPas  at  25  °C)  were 
close  to  the  guanidinium  ILs  with  one  ether  group  (lgl(2ol)- 
TFSA,  58  mPa  s  at  25  °C  [42]).  Though  the  cation  sizes  and  formula 
weights  increased  with  the  more  ether  groups,  which  could  result 
in  the  stronger  Van  der  Waals  interactions  between  cations  and 
anions,  the  electron  donation  action  of  the  two  ether  groups  might 
counteract  of  it.  By  contrast  with  imidazolium  ILs  with  two  identi¬ 
cal  ether  groups  [53],  lg(2ol)(2ol)-TFSA  and  lg(2ol)(2o2)-TFSA 
owned  lower  viscosities  because  of  choosing  the  shorter  ether 
groups.  And  the  viscosities  of  these  two  ILs  were  close  to  the  pyrroli¬ 
dinium  ILs  with  two  ether  groups  [57],  lower  than  the  piperidinium 
ILs  with  two  ether  groups  [57]  and  the  quaternary  ammonium  ILs 
with  two  or  more  ether  groups  [55]. 

The  addition  of  lithium  salt  LiTFSA  increased  the  viscosities 
of  the  two  ILs  electrolytes.  The  viscosity  of  lg(2ol)(2ol)- 
TFSA  electrolyte  was  192.1  mPas  at  25 °C  and  the  viscosity 
of  lg(2ol)(2o2)-TFSA  electrolyte  was  182.2mPas  at  25  °C. 
Similar  phenomenon  existed  in  BMMI-TFSA  (1 -butyl-2, 3- 
dimethylimidazolium  TFSA)  electrolyte,  EtO(CH2)2M]VII-TFSA 
( 1  -ethoxyethyl-2,3-dimethylimidazolium  TFSA),  EtO(CFl2  )2  MMor- 
TFSA  (N-ethoxyethyl-Nmethylmorpholinium  TFSA)  electrolytes 
[68,69]. 

Fig.  4a  shows  the  temperature  dependence  of  viscosity  (ij)  for 
these  two  ILs  and  IL  electrolytes  over  the  temperature  range  of 
25-80  °C,  and  the  r]  (T)  behavior  was  fitted  by  a  Vogel-Tammann- 
Fulcher  (VTF)  equation  (1 ): 

rl  =  rl0  exP  (  )  (1) 


Fig.  4.  Change  of  (a)  viscosity  and  (b)  conductivity  with  temperature  for 
lg(2ol  )(2ol  )-TFSA,  lg(2ol  )(2o2)-TFSA  and  their  electrolytes. 

where  rj0  (mPas),  B  (I<)  and  T0  (K)  are  adjustable  parameters,  these 
three  values  and  the  VTF  fitting  parameter  (R2)  for  the  ILs  and  IL 
electrolytes  were  calculated  and  listed  in  Table  2.  According  to 
Fig.  4(a)  and  the  values  of  R2  in  Table  2,  the  ILs  and  IL  electrolytes 
were  well  fitted  by  the  VTF  model  over  the  temperature  range 
studied. 

3.1.3.  Conductivity 

Conductivity  measurements  could  be  mainly  influenced  by  the 
viscosity,  formula  weight  and  density  of  ILs  [35,36,63].  Usually  the 
ILs  with  low  viscosity  possessed  high  conductivity,  substituting  one 
alkyl  group  in  the  cation  structure  by  one  flexible  ether  group  with 
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Table  2 

VTF  equation  parameters  of  viscosity  for  the  ILs  and  IL  electrolytes. 


ILs  and  IL  electrolytes 

r\ o  (mPas) 

B(  K) 

To  (K) 

R2 

lg(2ol)(2ol)TFSA 

0.20  (±2%) 

640.0  (±7%) 

169.3  (±2%) 

0.9999 

lg(2ol  )(2o2)TFSA 

0.18  (±9%) 

677.4  (±3%) 

180.6  (±1%) 

0.9999 

lg(2ol  )(2ol  )TFSA  electrolyte 

0.17  (±8%) 

716.1  (±3%) 

196.0  (±1%) 

0.9999 

lg(2ol  )(2o2)TFSA  electrolyte 

0.07  (±12%) 

987.6  (±3%) 

173.2  (±1%) 

0.9999 

The  percentage  standard  errors  for  r]0,  B  and  T0  have  been  included,  and  R2  is  the  VTF  fitting  parameter. 


similar  size  and  formula  weight,  could  increase  the  conductivity 
of  IL  [34-36,41,42,63].  The  conductivity  of  lg(2ol)(2ol)-TFSA  was 
1.66  mS  cm-1  at  25  °C  and  lg(2ol)(2o2)-TFSA  was  1.64  mS  cm-1  at 
25  °C.  Comparing  with  the  conductivity  of  guanidinium  ILs  with 
or  without  one  short  ether  group  ( 1  gl  (2ol  )-TFSA,  2.15  mS  cm-1  at 
25  °C  [42];  Igl4-TFSA,  1.91  mS  cm-1  at  25  °C  [24]),  the  two  ILs  with 
two  ether  groups  had  lower  conductivities,  due  to  the  bigger  cation 
sizes  and  formula  weights  which  counteracted  the  electron  dona¬ 
tion  action  of  more  ether  groups.  In  contrast  to  the  piperidinium  ILs 
with  two  ether  groups  [57]  and  the  quaternary  ammonium  ILs  with 
two  or  more  ether  groups  [55],  the  conductivities  of  these  two  ILs 
were  higher  and  might  be  due  to  the  lower  viscosities  discussed  in 
previous  section.  And  the  conductivities  of  them  were  lower  than 
the  pyrrolidinium  ILs  with  two  ether  groups  [57]  despite  of  the 
viscosities  of  these  two  categories  were  very  close. 

The  conductivities  decreased  obviously  with  the  addition  of 
lithium  salt  for  the  two  ILs  electrolytes.  The  conductivity  of 
lg(2ol)(2ol)-TFSA  electrolyte  was  0.57  mS  cm-1  at  25  °C  and  the 
conductivity  of  lg(2ol  )(2o2)-TFSA  electrolyte  was  0.54  mS  cm-1  at 
25  °C. 

The  temperature  dependence  of  conductivity  was  investigated 
for  both  ILs  and  IL  electrolytes  in  the  temperature  range  of 25-80  °C, 
and  the  VTF  plots  of  conductivity  for  them  according  to  Eq.  (2)  were 
shown  in  Fig.  4(b): 


where  cr0  (mScm-1),  B  (I<)  and  T0  (K)  are  constants  of  Eq.  (2),  and 
these  three  values  and  the  VTF  fitting  parameter  ( R 2 )  for  them  were 
calculated  and  listed  in  Table  3.  The  temperature  dependence  of 
conductivity  was  also  very  well  fitted  by  the  VTF  model  over  the 
temperature  range  studied. 


3 A  A.  Electrochemical  window 

The  Linear  sweep  voltammogramms  (LSV)  using  lithium  metal 
as  reference  electrode  for  the  electrochemical  window  measure¬ 
ment  of  the  two  ILs  was  shown  in  Fig.  5.  The  cathodic  limiting 
potentials  of  lg(2ol)(2ol)-TFSA  and  lg(2ol)(2o2)-TFSA  were 
about  0.6  V  and  0.4  V  versus  Li/Li+,  and  their  anodic  limiting  poten¬ 
tials  were  about  4.7  V  versus  Li/Li+,  so  the  electrochemical  window 
were  4.1  V  and  4.3  V,  respectively.  As  already  reported,  introducing 
one  ether  group  into  the  cations  of  quaternary  ammonium,  pyrro¬ 
lidinium  and  piperidinium  ILs  would  reduce  the  electrochemical 
stability  [35,36,40].  And  the  electrochemical  stabilities  of  the  qua¬ 
ternary  ammonium  ILs  [55],  pyrrolidinium  ILs  and  piperidinium 
ILs  [57]  with  two  ether  groups  also  decreased  comparing  with  the 
homologous  ILs  without  ether  groups.  For  guanidinium  ILs,  it  could 
be  found  that  the  electrochemical  windows  of  these  ILs  with  two 
ether  groups  were  close  to  the  guanidinium  ILs  with  or  without  one 
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Fig.  5.  Linear  sweep  voltammograms  of  lg(2ol  )(2ol  )-TFSA  and  lg(2ol  )(2o2)-TFSA 
at  25  °C.  Working  electrode,  glassy  carbon;  (diameter  =  3  mm);  counter  electrode, 
Li;  reference  electrode,  Li;  scan  rate,  lOrnVs-1. 


Fig.  6.  Cyclic  voltammograms  of  these  IL  electrolytes  at  25  °C  (-0.5  V  to  2.5  V  versus 
Li/Li+)  (a)  lg(2ol)(2ol)-TFSA  electrolyte,  (b)  lg(2ol)(2o2)-TFSA  electrolyte.  Work¬ 
ing  electrode,  Ni;  counter  electrode,  Li;  reference  electrode,  Li;  scan  rate,  10  mV  s-1 . 
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Table  3 

VTF  equation  parameters  of  conductivity  for  the  ILs  and  IL  electrolytes. 
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ILs  and  IL  electrolytes 

or0  (mScm-1) 

B(  K) 

To  (K) 

R2 

lg(2ol)(2ol)TFSA 

132.5  (±2%) 

453.1  (±3%) 

194.6  (±1%) 

0.999 

lg(2ol)(2o2)TFSA 

116.6  (±5%) 

432.0  (±3%) 

196.8  (±1%) 

0.999 

lg(2ol  )(2ol  )TFSA  electrolyte 

188.8  (±7%) 

589.4  (±3%) 

196.2  (±1%) 

0.999 

lg(2ol  )(2o2)TFSA  electrolyte 

188.7  (±6%) 

609.4  (±3%) 

194.2  (±1%) 

0.999 

The  percentage  standard  errors  for  cr0,  B  and  T0  have  been  included,  and  R2  is  the  VTF  fitting  parameter. 


ether  group  [24,42].  The  electrochemical  windows  did  not  change 
much  after  the  ether  group  were  introduced  into  the  guanidinium 
ILs  cation,  which  might  indicate  that  the  electrochemical  stabili¬ 
ties  of  guanidinium  ILs  were  influenced  by  the  main  structure  of 
cation.  Moreover,  the  electrochemical  stabilities  of  these  two  ILs 
were  close  to  the  imidazolium  and  sulfonium  ILs  [40,70]. 

3.2.  Lithium  redox  in  the  IL  electrolytes 

According  to  the  cathodic  limiting  potentials  of  the  two  guani¬ 
dinium  ILs  with  two  ether  groups,  it  was  very  possible  that  their  IL 
electrolytes  could  not  allow  the  deposition  of  lithium  without  any 
additive  like  the  EMI-TFSA  electrolyte  [40].  But  the  cyclic  voltam- 
mogramms  (CV)  test  obviously  gave  the  opposite  result.  The  CVs 
of  the  two  IL  electrolytes  at  25  °C  were  shown  in  Fig.  6(a)  and  (b). 
The  deposition  and  dissolution  of  Li  on  and  from  the  Ni  electrode 
could  be  clearly  found  in  both  IL  electrolytes  [25].  In  the  first  cycle 
for  the  lg(2ol)(2ol)-TFSA  electrolyte,  the  deposition  of  lithium 
was  at  about  -0.11  V  versus  Li/Li+,  and  the  anodic  peak  at  about 
0.47  V  in  the  returning  scan  related  to  the  dissolution  of  lithium. 
The  lithium  redox  in  this  electrolyte  might  be  caused  by  the  for¬ 
mation  of  the  solid  electrolyte  interface  (SEI)  on  the  Ni  electrode 
surface.  The  peak  currents  of  the  lithium  redox  decreased  gradu¬ 
ally  with  the  increasing  cycle  number,  and  it  demonstrated  that 
the  SEI  film  changed  so  that  the  lithium  redox  was  restrained. 
And  the  cathodic  peak  at  about  0.36  V  existed  in  the  first  cycle,  it 
might  be  assigned  to  the  electrochemical  reduction  of  the  IL  elec¬ 


trolyte.  The  electrochemical  reduction  products  could  be  assumed 
to  be  the  generation  of  the  SEI  film  on  the  Ni  electrode.  In  addi¬ 
tion,  the  cathodic  peak  value  decreased  in  the  remaining  two 
cycles,  so  it  could  be  understood  that  the  SEI  film  generating  in 
the  first  cycle  also  restrained  the  reduction  of  the  electrolyte.  The 
lithium  plating  and  stripping  behaviors  on  Ni  electrode  of  the 
lg(2ol)(2o2)-TFSA  electrolyte  were  similar  to  the  lg(2ol)(2ol)- 
TFSA  electrolyte. 

One  cathodic  peak  in  the  range  from  0.8  V  to  1.3  V  versus  Li/Li+ 
was  found  in  the  first  cycle  for  the  lg(2ol)(2ol)-TFSA  electrolyte, 
which  might  be  caused  by  the  reactions  of  the  trace  water  or  oxygen 
in  IL  electrolyte  on  Ni  electrode,  and  this  peak  disappeared  in  the 
second  and  third  cycles  because  of  the  SEI  film  forming  in  the  first 
cycle.  This  kind  of  cathodic  peak  provoked  by  the  trace  impurities, 
could  also  be  found  in  some  other  IL  electrolytes  CV  experimental 
results  [31,71]. 

3.3.  Chemical  stabilities  of  the  IL  electrolytes  against  lithium 
metal 

The  Li/IL  electrolyte/Li  symmetric  cells  were  used  to  investi¬ 
gate  the  chemical  stabilities  of  the  IL  electrolyte  against  the  lithium 
metal  and  the  interfacial  characteristics  between  the  Li  metal  elec¬ 
trode  and  IL  electrolyte  by  the  electrochemical  impedance  spectra 
(EIS).  Fig.  7(a)-(d)  illustrated  the  time  dependence  of  impedance 
spectra  for  Li/IL  electrolyte/Li  symmetric  cells  under  the  open  cir¬ 
cuit  conditions.  The  intercept  with  the  real  axis  of  the  response  at 
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Fig.  7.  Time  evolution  of  the  impedance  spectra  of  a  symmetrical  Li/lg(2ol)(2ol)-TFSA  electrolyte/Li  cell:  (a)  from  Oh  to  11  h,  (b)  from  1  day  to  9  days;  a  symmetrical 
Li/lg(2ol)(2o2)-TFSA  electrolyte/Li  cell:  (c)  from  Oh  to  11  h,  (d)  from  1  day  to  9  days. 
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Fig.  8.  Time  dependence  of  interfacial  resistance  of  the  Li/lg(2ol)(2ol)-TFSA  elec¬ 
trolyte/Li,  Li/lg(2ol)(2o2)-TFSA  electrolyte/Li  cells:  (a)  from  Oh  to  11  h;  (b)  from  1 
day  to  9  days. 


Fig.  9.  Cycling  performances  of  Li/LiFeP04  cells  using  the  two  IL  electrolytes  (a)  at 
25  °C,  and  (b)  at  55  °C.  Charge-discharge  current  rate  is  0.2  C. 


high  frequency  was  assigned  to  electrolyte  bulk  resistance  (flbuik)» 
and  the  diameter  of  the  semicircle  was  related  to  the  interfacial 
resistance  (. R[ )  of  the  IL  electrolyte/lithium  metal,  as  explained  in 
the  literature  [10,46,72].  For  the  lg(2ol)(2ol)-TFSA  electrolyte,  its 
bulk  resistance  was  almost  unchanged  during  the  testing  period  of 
9  days.  At  first,  the  R[  increased  gradually  from  0  h  to  1 1  h,  and 
the  R[  retained  about  2200  Q,  after  one  day.  The  cathodic  limit¬ 
ing  potential  of  lg(2ol)(2ol)-TFSA  was  about  0.6  V  versus  Li/Li+, 
so  it  was  highly  possible  that  this  IL  electrolyte  would  continu¬ 
ously  react  with  lithium  metal.  Fortunately,  the  R[  only  fluctuated 
a  little  from  1  day  to  9  days  and  was  stable  at  the  level  of  2300  C2 
at  last,  which  could  be  seen  in  Fig.  8a.  This  phenomenon  might 
indicate  that  when  the  IL  electrolyte  reacted  with  lithium  metal, 
a  passivation  film  could  be  produced  in  the  meantime.  And  the 
passivation  film  somehow  restrained  the  reaction  between  the  IL 
electrolyte  and  lithium  metal,  which  leads  to  a  dynamic  equilib¬ 
rium  state  after  a  period  of  time  at  last.  For  the  lg(2ol  )(2o2)-TFSA 
electrolyte,  a  similar  phenomenon  of  R[  variation  was  also  illus¬ 
trated  in  Fig.  8b,  and  the  R\  value  was  stable  at  the  level  of  550  C2 
at  last. 

3.4.  Charge -discharge  performances  of  Li/LiFeP04  cells 

The  charge-discharge  performances  of  Li/LiFeP04  cells  using 
the  two  IL  electrolytes  without  additive  were  examined.  Fig.  9(a) 
shows  the  discharge  capacity  of  the  two  IL  electrolytes  containing 


cells  cycling  at  0.2  C  and  at  25  °C.  The  initial  discharge  capac¬ 
ity  of  the  lg(2ol)(2ol)-TFSA  electrolyte  was  76mAhg_1  then 
increased  gradually  during  the  next  50  cycles  and  stabilized  at 
the  level  of  120mAhg_1  for  the  rest  50  cycles.  The  lg(2ol)(2o2)- 
TFSA  electrolyte  delivered  a  smaller  initial  discharge  capacity 
of  67mAhg-1  and  the  discharge  capacity  increased  as  the  for¬ 
mer  IL  electrolyte,  and  the  value  retained  about  107mAhg_1 
until  the  100th  cycle.  The  low  initial  discharge  capacity  might 
be  influenced  by  the  IL  electrolytes  poor  wettability  towards 
LiFeP04  cathode  material  as  a  result  of  the  high  viscosity  of 
them.  The  discharge  capacity  improved  with  the  increasing 
cycle  numbers  for  both  the  IL  electrolytes,  it  might  be  due 
to  the  optimization  of  the  electric  contact  between  the  cath¬ 
ode  and  electrolyte,  the  IL  electrolytes  penetrated  the  cathode 
pore  structure  gradually  and  finally  wetted  the  electrode  com¬ 
pletely. 

As  shown  in  Table  4,  the  viscosity  and  conductivity  of  the  two  IL 
electrolytes  improved  obviously  at  55  °C.  The  Li/LiFeP04  cells  using 
the  two  IL  electrolytes  cycling  at  0.2  C  at  55  °C  delivered  better  dis¬ 
charge  capacity  than  25  °C,  seen  in  Fig.  9(b).  The  initial  discharge 
capacity  of  the  lg(2ol)(2o2)-TFSA  electrolyte  was  130mAhg-1 
then  increased  gradually  during  the  next  20  cycles  and  stabi¬ 
lized  at  the  level  of  145mAhg_1  for  the  rest  80  cycles.  And  the 
1  g(2ol  )(2ol  )-TFSA  electrolyte  delivered  a  smaller  initial  discharge 
capacity  of  1 20  mA  h  g-1  then  the  discharge  capacity  also  was  stable 
after  20  cycles,  and  the  value  retained  about  142  mA  h  g-1  until  the 
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Table  4 

Viscosity  and  conductivity  of  the  two  IL  electrolytes  with  0.6  mol  kg-1  LiTFSA  at  25  °C  and  55  °C. 
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IL  electrolytes 

Viscosity  (mPas) 

Conductivity  (mS  cm-1 ) 

25  °C 

55°C 

25  °C 

55°C 

lg(2ol  )(2ol  )TFSA  electrolyte 

192.1 

39 

0.57 

2.12 

lg(2ol  )(2o2)TFSA  electrolyte 

182.2 

39.4 

0.54 

2.00 

Fig.  10.  Discharge  capacities  of  Li/LiFeP04  cells  using  the  IL  electrolytes  at  different 
rates  at  25  °C  and  55  °C.  Charge  and  discharge  current  rates  are  0.2, 0.5, 1 .0, 1 .5, 2.0  C. 


Fig.  11.  Discharge  capacities  of  Li/LiFeP04  cells  using  lg(2ol)(2o2)-TFSA  IL  elec¬ 
trolytes  at  different  rates  at  55  °C.  Charge  and  discharge  current  rates  are  0.2,  0.5, 
1.0, 1.5.2.0C. 


100th  cycle.  And  it  could  be  easily  found  that  the  discharge  capac¬ 
ities  of  the  two  IL  electrolytes  at  55  °C  went  stable  quicker  than  at 
25  °C,  mainly  due  to  the  improvement  for  viscosity  and  conduc¬ 
tivity  of  the  IL  electrolytes.  Furthermore,  the  discharge  capacity  of 
lg(2ol  )(2ol  )-TFSA  electrolyte  was  higher  than  lg(2ol  )(2o2)-TFSA 
electrolyte  at  25  °C  though  the  viscosity  of  the  former  electrolyte 
was  higher  than  the  latter.  But  the  lg(2ol)(2o2)-TFSA  electrolyte 
delivered  better  discharge  capacity  than  lg(2ol)(2ol)-TFSA  elec¬ 
trolyte  at  55  °C  despite  the  viscosities  of  the  two  IL  electrolytes  were 
very  close.  The  differences  for  the  discharge  capacities  of  the  IL  elec¬ 
trolytes  at  25  °C  and  55  °C,  could  not  only  affect  by  the  viscosities 
of  the  IL  electrolytes,  but  also  some  other  factors  such  as  the  inter¬ 
facial  characteristics  at  both  the  LiFeP04  cathode/electrolyte  and 
lithium  anode/electrolyte  interfaces. 

The  rate  properties  of  Li/LiFeP04  cells  are  shown  in  Fig.  10,  and 
the  discharge  capacities  at  different  rates  are  the  values  after  the 
cycle  performances  of  cells  reach  stability.  It  could  be  found  that 
the  discharge  capacity  decreased  with  the  increasing  discharge 
rate  for  these  IL  electrolytes,  and  the  IL  electrolytes  possessed 
better  rate  properties  at  55  °C.  The  rate  property  of  lg(2ol)(2ol)- 
TFSA  electrolyte  was  better  than  lg(2ol)(2o2)-TFSA  electrolyte  at 
25  °C.  The  discharge  capacity  of  lg(2ol)(2ol)-TFSA  electrolyte  at 
the  current  rate  of  1.0  C  was  about  78mAhg-1,  which  retained 
67%  of  the  capacity  at  the  rate  of  0.2  C.  The  lg(2ol)(2o2)-TFSA 
electrolyte  showed  better  rate  property  than  lg(2ol)(2ol)-TFSA 
electrolyte  at  55  °C.  As  shown  in  Fig.  11,  the  discharge  capacity  of 
the  1  g(2ol  )(2o2)-TFSA  electrolyte  at  the  discharge  rate  of  1 .0  C  was 
about  125mAhg-1,  which  retained  87%  of  the  discharge  capacity 
at  0.2  C,  and  the  discharge  capacity  at  2  C  was  about  93  mAhg-1, 
which  retained  65%  of  the  discharge  capacity  at  0.2  C.  The  obvious 
difference  of  rate  properties  of  the  two  IL  electrolytes  at  25  °C  and 
55  °C  might  caused  by  the  viscosities  and  conductivities  of  them  at 
each  testing  temperature,  the  lower  viscosities  and  higher  conduc¬ 
tivities  of  the  two  IL  electrolytes  at  55  °C  could  be  helpful  to  the  rate 
property  of  cells,  due  to  better  transport  capability  of  lithium  ion 
in  IL  electrolyte. 


4.  Conclusions 

Two  new  functionalized  ILs  based  on  guanidinium  cation 
with  two  ether  groups  and  TFSA-  anion  were  synthesized.  Both 
the  ILs  were  liquids  at  room  temperature,  and  the  viscosi¬ 
ties  of  lg(2ol)(2ol)-TFSA  and  lg(2ol)(2o2)-TFSA  were  60.2  and 
58.8  mPas  at  25  °C,  respectively.  Good  electrochemical  stabilities 
of  these  guanidinium  ILs  with  two  ether  groups  permitted  them  to 
become  potential  electrolytes  for  electrochemical  devices.  Though 
the  cathodic  limiting  potentials  of  the  ILs  were  higher  than  0  V 
versus  Li/Li+,  the  lithium  plating  and  stripping  on  Ni  electrode  could 
be  found  in  the  two  IL  electrolytes  without  additive  because  of  the 
formation  of  SEI  film.  And  the  IL  electrolytes  showed  good  chemical 
stability  against  lithium  metal  owing  to  the  formation  of  passiva¬ 
tion  layer.  Li/LiFeP04  cells  using  the  two  IL  electrolytes  without 
additive  showed  good  cycle  property  at  the  current  rate  of  0.2  C  at 
25  °C  and  55  °C. 
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